Background: The effect of Vagus nerve stimulation (VNS) therapy following major resective surgeries has been reported. However, the effect of VNS therapy following multiple-subpial-transections (MST) has not been reported. The objective of this paper is to examine the beneficial effect of VNS therapy following MST. Methods: There are 22 patients aged 10 -55 years. Male/female distribution is 11/11 and follow-up is 24 -148 months (median of 120 months). Seizure foci were bilateral in 9 patients, multi-lobar (unilateral) in 12 patients and single-lobar in 1 patient. MST was performed over broad areas in and around the seizure foci. VNS implantation was done when the response to MST procedure was poor (1 patients), or there was recurrence of seizures (21 patients). Interval between MST and VNS implanttation varied from one month to three years (median of 2 years). Results: Thirteen patients (59%) are seizure free (Engel' Class I), 8 (36.5%) have greater than 90% reduction in seizure frequency (Class II), and 1 (4.5%) has between 50% -90% reduction in seizure frequency (Class III). Conclusion: The results show that VNS therapy produced meaningful improvement in seizure outcome in all patients with extra-temporal seizures that had inadequate response to MST.
Introduction
Treatment of medically intractable epilepsy is challenging [1] . Many surgical approaches have been devised to treat patients with intractable epilepsy. Among them anterior temporal lobectomy for temporal lobe onset seizures, and lesionectomy for seizures originating from focal lesions have been the most the successful procedures [2] . Surgical treatment of extra-temporal onset seizures remains a challenge. This is especially true for multifocal multi-lobar seizure onset seizures [1, 3, 4] . Multiple subpial transections (MST) is useful in these cases, but a small percentage of patients have suboptimal outcomes [5, 6] . These patients could, potentially, benefit from VNS therapy.
Vagus nerve stimulation (VNS) was approved in 1997 as an adjunctive therapy for patients with medically intractable partial-onset seizures. It has been used as a primary surgical method to treat epilepsy, and there are several reports of its use as a supplementary procedure when results of resective procedures proved unsatisfactory [7] [8] [9] . There are, however, no reports of its use following MST for extra-temporal onset seizures. The authors have therefore examined the results of VNS therapy following MST in patients with extra-temporal onset seizures which were medically refractory [10] to determine if its addition would improve seizure outcome in this group of patients.
Materials and Methods
Case records were examined of all patients with medically intractable epilepsy who had extra-temporal seizure foci who underwent MST as the primary procedure, and then had VNS implantation either because the outcome from MST was unsatisfactory or there was recurrence of seizures. Medical intractability was determined based the criteria described by Kwan et al. [10] . A total of 22 patients were followed for 24 -148 months (median of 120 months) following VNS implantation. Male/female distribution is 11/11 and ages are between 10 -55 years. The seizure frequency before surgery varied between 1 -2/week to several/day. Five patients had abnormal preoperative Magnetic resonance scans of the brain. The abnormalities included: cortical dysplasia, arachnoid cyst, tuberous sclerosis, subdural calcification and cortical atrophy.
The areas of the brain with seizure foci are documented in Table 1 . Thirteen patients had unilateral seizure foci over large areas involving 2 or more lobes; and 9 patients had seizure foci involving both hemispheres in 2 or more lobes on each side.
Patients underwent standard pre-operative evaluations, including magnetic resonance imaging of the brain, neuropsychological evaluation, positron emission tomography in selected cases, and electro-clinical seizure localization using scalp and subdural electrodes. In all 22 patients MST was performed over broad areas that showed epileptogenic activity during long term video EEG recording using subdural electrodes. Two to three topectomies (measuring 0.5 -1 centimeter in diameter) were done in areas in which intra-operative EEG recording showed persistent epileptiform activity after 2 -3 MST passes in 7 patients. In addition 4 patients had radiofrequency ablation of the amygdala hippocampus complex (amygdale hippocampotomy) because it was involved in seizure generation. VNS implantation was done when the response from surgery was poor (Engel's Class IV) (1 patients) or there was recurrence of seizures (21 patients).
During the follow up period the epileptologist was free to alter the seizure medication regimen as needed because of seizure recurrence or adverse effects. VNS parameters were adjusted at the discretion of the epileptologist. Increments of 0.25 mA current output were added every several weeks, depending upon response and tolerance. The amplitude is progressively increased. The stimulation parameters after final adjustment were: Patients were requested, as a matter of course, to keep detailed seizure calendars. Details regarding the seizure frequency were obtained during clinic visits or through telephone interviews. Engel's classification outcome was utilized to classify groups. Class I is seizure free or auras only; Class II is greater than 90% reduction in seizure frequency; Class III is 50% -90% reduction is seizure frequency; and Class IV is less than 50% reduction in seizure frequency.
Results
Seizure onset was bilateral in 9 patients, and unilateral in 13 patients. Twelve patients with unilateral seizure foci had more than one lobe involved. Bilaterality of the seizure onset was based on long term video-EEG recordings using intracranial electrodes. The interval between MST and VNS implantation ranged from one month to three years (median of 2 years). There was no neurological complication from VNS implantation. There were no lasting side effects from VNS activation.
The seizure outcome after VNS implant is (see Table  2 ): thirteen out of 22 patients (59%) are seizure free (Class I); 8/22 (36.5%) have Class II outcome; and, 1/22 (4.5%) has Class III outcome. None of those in Class I were Class IA (free of seizure since surgery); as it took several months to progressively adjust the parameters of the VNS until they became seizure free. There was no significant difference between those who had unilateral surgery and those who had bilateral surgery, and between those who had MST alone and those who had MST plus additional procedures ( Table 3) . On an average the need for antiepileptic drugs (AED) decreased from a preopera- 
Discussion
Results of resective surgery for extra-temporal seizures are generally less optimal [9, 11] . One large study revealed that at 2 years follow-up, 50.3% were reported to have complete seizure freedom (or auras only) (Engel's Class I), 18.3% have Class II outcome, 17.7% have Class III outcome. This is greater than 50% reduction in seizures in 86% of the patients at 2 years follow-up [12] . Similar results were seen in patients who had MST as the primary procedure for extra-temporal onset seizures [1, [3] [4] [5] [6] . Effectiveness of VNS therapy as a primary surgical intervention for intractable epilepsy has been reported in several publications. Meta-analysis of results for 2634 patients showed that 4.6% are seizure free (Engle's Class I); 7.6% have 90% -99% reduction in seizures (Engel's Class II); and 38.4% have between 50% -90% reduction in seizures (Engel's Class III). Thus, 50% have a 50% or greater reduction in seizures [13] .
There are several reports of seizure outcome after VNS implantation following major resective epilepsy surgery. One study group showed 18.5% of 16 patients with temporal and frontal lobectomy showed 50% or more reduction in seizure frequency after placement of VNS. The type or extent of resective surgery had no effect on the outcome [7] . Vale et al reported on patients who had either lobectomy or corpus callosotomy, followed by VNS implantation; 64.9% had <30% reduction in seizures and 10.8% of the patients had a >60% reduction in seizures [9] . Amar et al analyzed data from a VNS therapy outcome registry; 921 patients had prior lobectomy or corpus callosotomy. Median reduction of seizure frequency was 45.7% within 12 months of VNS therapy onset, and 50.5% reduction after 24 months of VNS therapy [14] . A study published more recently reported on 110 patients with VNS and prior craniotomy, most of whom had major resective surgery; 24.5% showed 90% or greater improvement (Engel's Classes I & II) and 70% showed 50% or greater improvement in seizures (Engel's Classes I, II & III) [15] .
In this series, patients had MST for extra-temporal onset seizures, and then underwent VNS implantation. All showed greater than 50% improvement in seizure frequency, and 59% of patients are seizure free. Minimum follow-up is 24 months and median follow-up is 120 months. These results indicate that VNS does improve seizure outcome in patients who have undergone MST with suboptimal results on seizure frequency. Further-more, the outcome is better than those who had MST alone, resection alone, or VNS therapy alone for extra-temporal onset epilepsy. The result of patients who had MST alone at our center has been described in our previous publications [1, 3, 4] . In addition, the improvement with VNS therapy after MST as the primary operation is significantly better that those who had VNS therapy following major resective surgery for extra-temporal seizures.
There are many theories about the mechanism by which VNS therapy reduces seizure frequency. A recently published study suggested that it could be due to slowing of re-hyperpolarization of cortical neurons [16] . It is therefore possible that transecting horizontal fibers makes VNS induced impulses reaching the cortical neurons more intense (and therefore more effective) by reducing peripheral spread. Furthermore, MST is performed over a fairly large cortical surface. Satellite foci in somewhat peripheral areas, thus, also get treated. This may reduce seizure activation from the surrounding areas, making VNS therapy more effective.
In conclusion, this study indicates that there is an excellent outcome with VNS therapy in patients who previously had MST as their primary surgery for extra-temporal onset seizures. Outcomes are distinctly better than with other interventions. Follow-up in this series is adequate. However, validation of these results still requires a much larger study population.
